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 –log2 p(si) . -
 –log2

p(si) , -

. F = {p(si)} -
, ,

ƒ ⋅−=
i

ii spspH )(log)( 2 . (1 )

-
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.
,

. . - . -
si F -
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.
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 2. -
 « »

-

 — Linear Prediction Coding
(LPC).

 — R- , -
, -

h :

ƒ
−=

−=

=
hij

ij
jji SKS

1

,

Si — i-  R- ;
Kj — , -
.

,
:  Si

:

ƒ
−=

−=

−=
hij

ij
jjii SKSD

1

.

 LPC .
, R  1:

R`=R+1 .
, -

,
.

 — RLE, MTF, DC, PBS, HUFF,
ARIC, ENUC, SEM...

-
( . . , -

).
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, , . .
=O( ). h .

,
1) , , h, Kj,
2) ,

h, -
Kj;

3) ,
,

Si=(Si–1+Si–2)/2 S`i= Si–1/2 + Si–2/2,
, - -

, ; -
S`i , -

.

-
:

/* ,  S[i] ≈S[i–1], , ,
D[i] ≈0

*/
D[i]=S[i]–S[i–1];

S[N] —  (Source, )
D[N] —
(Destination, , , . . , -

).
-  (Delta

oding), -
. -

, -
.

, :

current=S[i]; //
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S[i]=current-last; //
last=current; //

,  (12, 14, 15, 17, 16, 15, 13, 11, 9), -
, : (2, 1, 2,

–1, –1, –2, –2, –2).

: h=4, , Ki=1/4:
S[i]≈( S[i–1] + S[i–2] + S[i–3] + S[i–4] )/4.

:

D[i]=S[i] – (S[i–1]+S[i–2]+S[i–3]+S[i–4])/4;

, -
,

,  D[i] -
.

, -
-

. -
, ,

, -
 ( -

) .

 S, -
.  Last, 

- -
 S.

int Last[4]={ 0,0,0,0 };
int last_pos=0;

 S[i]
:

current=S[i]; // 
            // :
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S[i]=current-(Last[0]+Last[1]+Last[2]+Last[3])/4;
Last[last_pos]=current;  //  current  Last
last_pos=(last_pos+1)&3; // 
Last

:
 S[i]=( S[i–1] + S[i–2] + S[i–3] )/3 ? 

-
h=4 Kj=1/4 ?

.
 — , -

:

S[i]=D[i]+S[i-1]; // , S[i]=S[i-1]

 D  S  (S):

S[i]=S[i]+S[i-1]; // 

h=4 , Kj=1/4 :

S[i]=D[i] + (S[i-1]+S[i-2]+S[i-3]+S[i-4])/4;

, ,
, - :

S[i]=S[i] + (S[i-1]+S[i-2]+S[i-3]+S[i-4])/4;

, -
 S[i]  S[i–1], ..., S[i–4]

, ,
. ,

.
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,
 Last[h] , -

.
h=4 , Kj=1/4. ,

:

S[i-4]=S[i] - (S[i-1]+S[i-2]+S[i-3]+S[i-4])/4;

-
:

First[0]=S[0];
First[1]=S[1] - S[0];
First[2]=S[2] - (S[1]+S[0])/2;
First[3]=S[3] - (S[2]+S[1]+S[0])/3;

(N–4)  (N–4)
 S:

for (i=4; i<N; i++)
S[i-4]=S[i] - (S[i-1]+S[i-2]+S[i-3]+S[i-4])/4;

:

sum=S[3]+S[2]+S[1]+S[0];
for (i=4; i<N; i++)

j=S[i-4], S[i-4]=S[i] - sum/4, sum=sum-j+S[i];

-
 First  S:

for (i=0; i<4; i++)  S[N-4+i]=First[i];

, -
,  — h ,

, -
.
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 — , ,
 LPC, 

h  S,  (N–h)
.

, ,  S
, : -

i N–1  0 : S[i+1] – =S[i].

,
-

 ( ). -
, ,

, ,
/ / / .

,

S[i-3]=S[i] - (S[i-1]+S[i-2]+S[i-3])/3;

-

S[i-3]=S[i]– Value[ S[i-1]+S[i-2]+S[i-3] ];

// R –  S 
S[i-3]=Value2[ (S[i-1]+S[i-2]+S[i-3])<<R + S[i] ];

: ,
 Value[]  Value2[].

, -
.
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,
Kj P . -

,

, -
. P=1, .

 P ,
Kj ,  " ",

" - "  " ",
Kj .

Di = Si – (Kj·Sj), B ,
, .

Si, -
, Si`= (Kj·Sj)+Di`, 

-
.

 LPC -
. ,

-  « »
 — , -  « »

, . -
:

• -
;

•
.

 S[i]
,  — 

h .
,  S[i]=S[i–1]+2*(S[i–1]–S[i–

2]), ,
.

http://www.compression.ru/
http://www.compression.ru/


 /  1
http://www.compression.ru/

 “ ”. ISBN 5-86404-170-X
http://www.compression.ru/

35

, -
, ,

,  ( -
P ) , -

.
,

 ( ) ,
:

ƒ
i

iD |)|min(

: min|D| = min (|Y-
K*X|)  K = Y*X-1,  Y –  S[i] ( ), K – -

 X –  S[i-x] (x = 1,...,h).  (1) -
 O(h2) ; (2) -

, . . -
.

.

h=1, :
S[i]=K·S[i–1]. , -

, K=1.

: ,
h=1 K= –1.

, ,
: K0, StepK

K, F, P. , -
 — K=K0 , Kp=K0+StepK Km=K0–StepK,

F  ( ),
P  ( )

, -
P .
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,  ±StepK,
Kp Km, , , :

–1  1.
, K0=0, StepK=1/4, F=10 P=2.

M — 
. -

, .

K.
F ( , StepF, Q -

).

h=2.

ƒ
−=

−=

=
hij

ij
jji SKS

1

:

ƒ
−=

=
−−−+− −+=

1

1
1111 )(``

hj

j
jijijii SSKSKS

h=2
S[i]=K1·S[i–1] + K2·( S[i–1] – S[i–2] ).

 « » .
, -

 ( ). :
S[i]–S[i–1]=S[i–1]–S[i–2].
: K1=1, K2=1.

 « »  S[i]=(S[i–1]+S[i–2])/2, -
Kj :

K1+K2=1/2 (  S[i-1])
–K2=1/2 (  S[i-2])

: K1=1, K2= –1/2. , -
K2  0  1, 

,  –1/2  1.
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h=3:
S[i]=K1·S[i–1] + K2·( S[i–1]–S[i–2] ) + K3·( S[i–2]–S[i–3] )

(6.1)
K1,

K2 K3: K1=1, K2+K3=1 ( . .
). , K2=3/4

K3=1/4, . . ,
. K2=2, K3= –1 (

).
h,

h=3:
S[i]=(S[i–1] + S[i–2] + S[i–3])/3  (6.2)

 — -
.

K1, K2 K3  (6.1) -
 (6.2)?

K1+K2=1/3 (  S[i-1])
–K2+K3=1/3 (  S[i-2])
–K3=1/3 (  S[i-3])
: K1=1, K2= –2/3, K3= –1/3.

K3  –1  1, 
: (K2+K3)  –1 ( )  1 ( ),
K2  (–1–K3)  (1–K3):

K2 \ K3 –1 … … 1
–1–K3

…
1–K3

—  (K2= –2/3, K3= –1/3) 
,

— K2+K3=1  ( -
 — « »).
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S

ii-1i-2i-3

][)2( iS

][)3(

1
iS

][)3(

2
iS

. 6.1.  h=2  h=3

h = 2  ( -
),

S[i] = ][)2( iS ;
h = 3 : -
, S[i]-S[i-1] ,

S[i-2]-S[i-3], , , -
][)3(

1
iS , , S[i-2]-S[i-3] S[i]-S[i-1] -

, ][)3(

2
iS .

, h=3
. .

 (S[i–1]+S[i–2]+S[i–3])/3 , ,
. ,

,
,  ( ,

, ). -
, , -

.
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h=4
(« ») ,

.
, -

 (CELP, CS-ACELP, MELP)  LPC -
 (

 LPC analysis).  (LPC
synthesis) ,

, .

1 —
.

,
 — , ,

.

S[i-L-1]  S[i-L] S[i-L+1]
  S[i-1]    S[i]    …

L — .  S[i] -
 — . :

    A     B      C
    D     E    …

 « »  4 h=1, 6 
h=2, h=3 h=4:

E=K1·D + K2·C + K3·B + K4·A (6.3)

1 .
 —  D  S. -

 « ».
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K1=K2=K3=K4=1/4 -
Ki . -

: Ki>0, K1+K2+K3+K4=1, , , K1=K3, K2=K4 ( -
K1+K2=1/2, K1).

h>2 ,
, .

, -
,  20 : 4

h=1, 6 h=2, 8 h=3  2 h=4.

« » ,
: , -

-
. , , -

, :
E=K1·B + K2·(D–A) ,
E=K1·D + K2·(B–A) , (6.4)
E=K1·D + K2·(B–A) + K3·(C–B). (6.5)

, -
, : K1=K2=1. ,

, : K1=1, K2+K3=1 .

h=4, -
 — « »  « ».

K1, K2 K3  (6.5) 
: (6.3) Ki=1/4 ?

K1=1/4 (  D)
K3=1/4 (  C)
K2–K3=1/4 (B)
–K2= 1/4 (A)

: .
 (6.3)  C, B  A Ki>0. -

 (6.5), :
(C):  K3>0
(A):  K2<0
(B):  K2–K3>0 (  C  A).
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,  « »  « » h=4
.  20-

« »,  « -
», .

PNG,
,

 “Paeth”:  ( -
 A, B  D)  (6.4). -

,  « », 
 « »

, , .
, -

:
E=K1·D +K2·(B–A) +K3·(C–B)+K4·A (5a)
E=K1·D +K2·(B–A) +K3·(C–B)+K4·B (5b)
E=K1·D +K2·(B–A) +K3·(C–B)+K4·C (5c)

,
K4=0, K1=K2+K3=1. K1=1/4, K2, K3 K4

:  A, B  C 
 1/4:

(5a) C: K3=1/4, B: K2=1/2, A: K4= 3/4
(5b) C: K3=1/4, A: K2= –1/4, B: K4= 3/4
(5c) A: K2= –1/4, B: K3= –1/2, C: K4= 3/4

, , (5b). K1

 1/4 ( )  1 ( ); K4

K1+K4=1; K3=1/4; K2+K3  0 ( )  1 ( -
),  K2  –1/4  3/4.

,  (5b) 
K1=1, K2=3/4, K1=1/4, K2= –1/4.

:
 (5a)  (5c) ?
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LPC  PNG

LPC-  (  « »):
1) E=0 ( )
2) E=D ( )
3) E=B ( )
4) E=(B+D)/2
5)  Paeth

 — ,
, .

LPC  Lossless Jpeg

- :
1) E=0 ( )
2) E=B ( )
3) E=D ( )
4) E=A ( )
5) E=B+D–A
6) E=B+(D–A)/2
7) E=D+(B–A)/2
8) E=(B+D)/2

,  — -
,  — .

,  Spn[X,Y]=Sn(Ki,j·S[X–i,Y–j])
- Spn -

 (X,Y)  Sn ,
,  S[X,Y].

 (  « ») 
:

1. Spn ,  Sn , -
,

2. , Spn , 
: Sp = (Wn·Spn), 0 Wn 1.
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 — Wn,
, ,

, :
3. K Spn,  Sn, K ( -

)  ( -
 Sn , ,

K).
4.  Sn -

-
, .

.
-

 Sn, .
,  Sn  Si -

, -
 Si .

 2- , 3-  4- -
. Sp =

(Wn·Spn). Wn=1/H, H — 
 Sn.

, :
- , , -

Spn -
 S[i]. A<S[i]<B,

 Spn[i] A<Spn[i]<B.
- , ,

,  SEM  LPC, 
.

, - ,  (x,y) Ka,b Sa,b

(x–a, y–b)  (x,y), -
R=(a2+b2)1/2.

R. , -
 « », D  B 

 1,  A  C  21/2. ,
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 (6.3), 
Ki :

E=K1·D + K2·C + K3·B + K4·A
K1=K3, K2=K4, - -

K2/K1=21/2 ( K1+K2+K3+K4=1).
-

, Va,b ( , -
)

Ka,b, : Ka,b=K((a2+b2)1/2) .
,

 (A, B, C, D),  (B–A), (D–A)  (C–B) -
.

 — 
.

 LPC:

:  1.1 ...
1.9 .

:
.

:
1:1.

:
" " , -

 LPC.

 — «Subband Coding» (SC). -
 — « ».

http://www.compression.ru/
http://www.compression.ru/


 /  1
http://www.compression.ru/

 “ ”. ISBN 5-86404-170-X
http://www.compression.ru/

45

 —  R- , -
, -

: Si ≈ Si-1.
, -

:  S2i , S2i+1  (S2i + S2i+1)/2
 (S2i – S2i+1).

, -
.

 « » -
 — ,  — -

.  SC  « -
» ,  « ». -

 — .
: , , -

 LZ77, -
.

 SC .
,  R 

 1 : R`=R+1, -
 R-  (R+1) .

 — RLE, MTF, DC, PBS, HUFF,
ARIC, ENUC, SEM...

-
( . . , -

). -

, :  =
O( ). .

,
1) -

 SC;
2)  ( -

, );
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3) , -
-

;
4) , -

 (  — -
, ,

 2 ).

-
:

for (i=0; i<N/2; i++) { // -

  D[2*i]=(S[2*i]+S[2*i+1])/2;//  – 
  D[2*i+1]=S[2*i]-S[2*i+1]; //  – 
} // (1)

S[N] —  (Source, )
D[N] —
(Destination, , , . . , -

).
 S:

for (i=0; i<N/2; i++) {     // (2)
  d=S[2*i]-S[2*i+1];       // , :
// :
  S[2*i]=(S[2*i]+S[2*i+1])/2;
  S[2*i+1]=d;            //  –
}                        // 

:

for (i=0; i<N/2; i++) { // (3)
  A[i]=(S[2*i]+S[2*i+1])/2; //  (Average)
  D[i]=S[2*i]-S[2*i+1]; //  (Delta)
}

 — ,  S.
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N ,  S  S[N],
 S[N–1];

A,  D :

  A[N/2]=S[N-1]; // 
  D[N/2]=0; // 

,
,

, R (R — -
 S):

if ( (S[2*i]-S[2*i+1])!=(S[2*i]-S[2*i+1])mod(n) )
{} // n=(2  R)

:

1.
:

char A[N]; //  – 8 ,
short D[N];
// – 9 ,  16

2.  ( ) -
:

D[i]= S[2*i]-S[2*i+1];    // ;
if(D[i]!=S[2*i]-S[2*i+1])
// ,
    Overflow[i]=1;        //  1
else Overflow[i]=0;       //  – 

3. -
:

(4)
D[i]= S[2*i]-S[2*i+1];
             //  D[i]=(S[2*i]-S[2*i+1])mod(n);
A[i]= S[2*i]-D[i]/2;
             // ,
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4.  — -
:

(5)
A[i]= S[2*i]+S[2*i+1];
         //  A[i]=(S[2*i]+S[2*i+1])mod(n);
D[i]= S[2*i]-A[i]/2;
         // ,

: -
? -

?

:

for (i=0; i<N/2; i++) { // (3`)
  S[2*i]=  ( 2*A[i]+D[i] ) /2 ;
  S[2*i+1]=( 2*A[i]-D[i] ) /2 ;
}

, -
:

S[2*i]= A[i]+D[i]/2; // (4`)
S[2*i+1]= S[2*i]-D[i];
                //  D[i]=(S[2*i]-S[2*i+1])mod(n)

-
 (Average)  (Delta).

, , -
.

:
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1.      Original↓
      Average1+Delta1↓

DA+DD

 ( DA — Average2, 
Delta1, DD — Delta2,  Delta1. -

).

2.       Original↓
         Average1↓+Delta1

AA+AD

:

1.     Original↓
     Average1+Delta1↓

DA+DD↓
DDD+DDA

2.     Original↓
Average1+Delta1↓

                              DA↓+DD
DAD+DAA

3.      Original1↓
         Average1↓ +  Delta1↓
                  AA+AD    DA+DD

4.      Original↓
          Average↓+Delta
               AA↓+AD
            AAA+AAD

5.      Original↓
          Average↓+Delta

AA+AD↓
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                      ADA+ADD

14 , .

:  14 .

-
 S  A  D, -

. :
 A  D -

,  S, ,
 A /  D,  — 

,  S, — 
,  S.

 AA, AD, DA, DD ,
,

, , -
, -

-
.

 — ,
, -

.

 X  Y,  (Xi,
Yi) . , Xi — ,  Yi — -

,  X — , Y — .  «
»  (Xi,Yi)  ti.

 N .
-

 ( ): X+D
 Y+D,  A+D.
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,
 X+Y, X+D, Y+D, A+D -

.
,  LPC, -

,  A ,  X /  Y:
 A`[i] 

( )
X`[i]  Y`[i]:

A`i = Ai+1–Ai = (Xi+1+Yi+1–αi+1) /2 – (Xi+Yi–αi)/2 , (6.6)
« » αk , -

 Xk+Yk , -
; αk=0.

A`i = (Xi+1–Xi +Yi+1–Yi +αi –αi+1) /2 = ( X`i+Y`i + αi–αi+1) /2. (6.7)
,  A`i  [X`i

,Y`i].

      X`

      A`

      Y`

. 2.2.  A`I  [X`i ,Y`i]

,  (
- ) : -

 A , -
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-  X  Y: -
 (6.6)  (6.7),  A``i = ( X`i+Y`i ) /2 .

 (X`i+Y`i) , αi–αi+1=1,  A`i ≠ A``i,
A`i=A``i+1.

,  Xi=0, Xi+1=Yi=Yi+1=1,  A`i =1 (
(6.6)),  A``i=(1+0)/2=0.

, ,  ( -
), -

-
. -

:  « », -
,  « », -

. , -
, , -

,  32765-  53867- -
 ( )

 (1,4),  1-  4- ,
 (3,7).

:  SC- , -
.  — :

1.  SC ;
2.  SC ;
3.  SC , ;
4.  SC , ;
5.  SC .

3  4 -
- , -

.
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  DD1D1

  D 1

AA2 DA2

AD2 DD2

. 2.3.  SC 

:
• , :

 SC /  SC;
• ,

 SC-
 ( )  ( );

•
-

.

 SC ,
- -

, -
 D>2. , ,

 LPC,  S[x] 
: S[x+i]  S[x–i], i=1,2,3,…,D/2.

 — ,  SC: -
 —  H[x]  L[x] — , -

 H[x]  L[x] 
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 S[x]. 
 H[2·x]  L[2·x+1], .

 H[2·x]  L[2·x+1] 
 S[2·x],  S[2·x]  L[2·x+1] 

S[2·x+1].
 D=3, L[x]=S[x]–(S[x–1]+S[x+1])/2,

H[x]=S[x]+hi(x).
 hi(S[i]) ,

 L[x+j], j=2k+1. ,
hi1(x)=(L[x–1]+L[x+1])/2,
hi2(x)=(L[x–1]+L[x+1])/4,
hi3(x)= –(L[x–1]+L[x+1])/2,
hi4(x)= –(L[x–1]+L[x+1])/4,
hi5(x)=(L[x–3]+L[x–1]+L[x+1]+L[x+3])/4, .

hi2 ( -
 JPEG 2000) ,  H

 S.
H[x]=S[x]+(L[x–1]+L[x+1])/4 =
=S[x]+ ( S[x–1] – (S[x–2]+S[x])/2 + S[x+1] – (S[x]+S[x+2])/2 )

/4
=S[x]+ ( 2·S[x–1] – S[x–2] – S[x] + 2·S[x+1] – S[x] – S[x+2] ) /8
=( –S[x–2] + 2·S[x–1] + 6·S[x] + 2·S[x+1] – S[x+2] ) /8.

, -
 (–1/8, 2/8, 6/8, 2/8, –1/8).

:
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0

6/8

-1/8

2/8

. 2.4.  (–1/8, 2/8, 6/8,
2/8, –1/8)

0

-1/2

1

. 2.5.  (–1/2, 1, –1/2)
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: ,
 hi5(L[i])?

, - ,
:

L[2·x+1]=S[2·x+1]+lo(S[2·x+j]), j — : j= ±2k, (6.8)
H[2·x]=S[2·x]+hi(L[2·x+i]), i — : i= ±(2m+1).

,  lo -
 S[x], .

: -
:
S[2·x]=H[2·x] – hi(L[2·x+i]), i — ;
, , -

:
S[2·x+1]=L[2·x+1] – lo(S[2·x+j]), j — .

, ,  L  H — 
.

, -
.

H[2·x+1]=C·S[2·x+1]+hi(S[2·x+j]), j — : j= ±2k, 0<C<1;

L[2·x]=S[2·x]+lo(H[2·x+i]), i — : i= ±(2m+1). 
 (6.8).

,  D=3, H[x]=( S[x]+(S[x-1]+S[x+1])/2 ) /2.

, ,
 SC. , , , ,

 K , -
 M  (K, M — -

).
,

.
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 SC:

:  1.1 ... 1.9
.

:
.

:
1:1.

: -
.

 3. 

-
,

.
, -

.
. -

.
,

,
 « » , , -

,
.

 — , , ,
. -

,
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,
. .

-
,

n, -
, ,

, . , -
 1  5 

 ( . .  « »,
,  1.3 ):

- , %

5 196969 0.0004
4 72882 0.0213
3 17481 0.6949
2 2536 13.7111
1 136 100.0000

,  ( )  136 -
,  2536/(136·136)·100% 

13.7 % , . .
,

, -
- ,

. -
,  « » -

 5 :

N
5,
N

-

 5, %
1 91227 46.3%
2 30650 15.6%
3 16483 8.4%
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4 10391 5.3%
5 7224 3.7%
6 40994 20.7%

196969 100.0%

,  197  5
, -

-
, -

. -
N,

,

.
, -

. -
,

. -
.

, ,
 « », -
. -
. , -

,
, ,

. , , ,
-

,  [6, 9].

, -
- .

 [7].
- -

,
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, -
.

-

-
 1970- . -

 LZ77  LZ78,  (Ziv) 
 (Lempel). -

,

.
LZ77  LZ78 ,

-
, . . .

. -
.

-
 —  LZ77  LZ78.

 LZ1  LZ2.
-

,
 « » , -

, ,
. ,

, -
, -

. -
.

,
 BWT 

PPM, . , -
-

- .
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-
.

 «LZ», 
 «Ziv-Lempel»,  « - », 

« - ». 
, -

-
, ,

 [12, 13]. 
,  «LZ» (

). , , -
 «ZL» ( -

 [12, 13]). , -
- ,

 LZ, -
 «LZ» , -

:  LZB,  (Bell).
-

. -
 LZ, 

. :
, -

- ,
. , -

«  LZ77». ,
 LZ77 .

LZ77

 LZ.  1977 
[12],  1975 .
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 LZ77  « » -
 — -

, . ,  LZ77
-

. ,
-

,  « » -
.

N, . . N
,  2 :

• W = N–n
, ;

• ,
 (lookahead), n; n

W.
t

s1, s2, …, st. W -
st-(W-1), st-(W-1)+1, …, st. , -

st+1, st+2, …,
st+n. , W t,

.
-

, st+1,
.

st-(W-1), st-(W-1)+1, …, st ,
, . -

, st+1, -
.

.
st-(i-1), st-(i-1)+1, …, st-(i-1)+(j-1) -

:
1)  (offset) , i;
2) ,  (match length), j.

 ( -
), . -
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s, -
.

,
: ,

, , s
( ). j+1

.
,

j+1 : j ,  1 
.

, -
.

 « _ _ _ »
21 .  7 , -

. , :
•

;
• st -

st+1, ;
• -

, ;
•  — 

 — .
 3.1

-

i j s
1 - _ - 1 0 ‘ ’
2 _ - 1 0 ‘ ’
3 _ - 1 0 ‘ ’
4 _ _ - 1 0 ‘_’
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-

i j s
5 _ _ - 1 0 ‘ ’
6 _ _ 4 1 ‘ ’
7 _ _ 2 2 ‘_’
8 _ _ _ 10 2 ‘ ’
9 _ _ _ 2 2 ‘_’
10 ..._ _ _ - 1 0 ‘ ’
11 ... _ _ 5 2 ‘ ’
12 ... _ _ - 1 0 ‘ ’

i  5 , j  3 -
,  1 .

 12·(5+3+8) = 192 .
 21·8 = 168 , . . LZ77 

. ,
, -

 5  ( i = 5
).

.

while ( ! DataFile.EOF() ){
/* ;  match_pos 

i,  match_len — j,
unmatched_sym — st+1+j;

,  find_match 

*/
find_match (&match_pos, &match_len, &unmatched_sym);
/*

, i
 OFFS_LN, 

j —  LEN_LN, s
 8 

*/
CompressedFile.WriteBits (match_pos, OFFS_LN);
CompressedFile.WriteBits (match_len, LEN_LN);
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CompressedFile.WriteBits (unmatched_sym, 8);
for (i = 0; i <= match_len; i++){

//
c = DataFile.ReadSymbol();
//
DeletePhrase ();
/* ,

*/
AddPhrase ();
/*  1 ,

*/
MoveWindow(c);

}
}
CompressedFile.WriteBits (0, OFFS_LN);

,  LZ77
-

. -
, -

i. ,
 32 ,  3 ,

 15,  12 . , -
- -

j. ,
 « »

:

j ,
j

0 136
1 1593
2 4675
3 11165
4 20047
5 26939
6 28653
7 24725
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8 19702
9 14767

10 10820
11 27903

, -
j = 6 -

,
.

,  LZ77 
,

, -

.
, -

, -
. -

, -
, .

,  LZ77 -

.
.

for (;;) {
//
match_pos = CompressedFile.ReadBits (OFFS_LN);
if (!match_pos)

// ,
break;

//
match_len = CompressedFile.ReadBits (LEN_LN);
for (i = 0; i < match_len; i++) {

/*

*/
c = Dict (match_pos + i);
/*  1 ,

*/
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MoveDict (c)
/*

*/
DataFile.WriteSymbol (c);

}
/* ,

*/
c = CompressedFile.ReadBits (8);
MoveDict (c)
DataFile.WriteSymbol (c);

}

 — 
, -
.

: -

LZ77, -
.

LZSS

 LZSS -
 ( ),

 LZ77 -
, -

.  LZ77 
1982  (Storer)  (Szymanski) [10].

-
f, -

. , f
, ,

. :
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• , -
, , ,
;

• -
.

 « _ _ _ » -
 LZ77  LZSS.
,
- -

 1. ,
 0,  — -

 1. 
, .

 3.2
-

f i j s
1 - _ - 0 - - ‘ ’
2 _ - 0 - - ‘ ’
3 _ - 0 - - ‘ ’
4 _ _ - 0 - - ‘_’
5 _ _ - 0 - - ‘ ’
6 _ _ 0 - - ‘ ’
7 _ _ - 0 - - ‘ ’
8 _ _ 1 2 2 -
9 _ _ _ _ 0 - - ‘_’
10 _ _ _ 1 10 2 -
11 _ _ _ 1 8 2 -
12 ... _ _ _ 0 - - ‘ ’
13 ... _ _ _ _ 0 - - ‘_’
14 ..._ _ _ - 0 - - ‘c’
15 ... _ _ 1 5 2 -
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-

f i j s
16 ... _ _ - 0 - - ‘ ’
17 ... _ _ - 0 - - ‘ ’

,  LZSS
 17 : 13 

,  4 . ,
 LZ77  12

. , i
j,  LZSS  13·(1+8) +
4·(1+5+3) = 153 . ,

,  168 .

.

const int
//
THRESHOLD = 2,
// ,
OFFS_LN = 14,
// ,
LEN_LN = 4;

const int
WIN_SIZE = (1 << OFFS_LN), // 
BUF_SIZE = (1 << LEN_LN) — 1; // 

//
inline int MOD (int i) { return i & (WIN_SIZE-1); };

...
//
int buf_sz = BUF_SIZE;
/* : ,

*/
...
while ( buf_sz ) {

if ( match_len > buf_sz) match_len = buf_sz;
if ( match_len < THRESHOLD ) {

/*  (2 
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),
;

pos
*/
CompressedFile.WriteBit (0);
CompressedFile.WriteBits (window [pos], 8);
//
match_len = 1;

}else{
/* ,

*/
CompressedFile.WriteBit (1);
CompressedFile.WriteBits (match_offs, OFFS_LN);
CompressedFile.WriteBits (match_len, LEN_LN);

}
for (int i = 0; i < match_len; i++) {

/* ,
MOD (pos+buf_sz)

*/
DeletePhrase ( MOD (pos+buf_sz) );
if ( (c = DataFile.ReadSymbol ()) == EOF)

// ,
buf_sz--;

else
/*

*/
window [MOD (pos+buf_sz)] = c;

pos = MOD (pos+1); //  1 
if (buf_sz)

/* ,
,  pos;

,  AddPhrase 

*/
AddPhrase (pos, &match_offs, &match_len)

;
}

}
CompressedFile.WriteBit (1);
CompressedFile.WriteBits (0, OFFS_LN); // 

 « -
» ,
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.
, .

-
.

for (;;) {
if ( !CompressedFile.ReadBit () ){

/* ,
 ( -

i = 1)
*/
c = CompressedFile.ReadBits (8);
DataFile.WriteSymbol (c);
window [pos] = c;
pos = MOD (pos+1);

}else{
// ,
match_pos = CompressedFile.ReadBits (OFFS_LN);
if (!match_pos)

break; // 
match_pos = MOD (pos - match_pos);
match_len = CompressedFile.ReadBits (LEN_LN);
//
for (int i = 0; i < match_len; i++) {

//  c
c = window [MOD (match_pos+i)];
DataFile.WriteSymbol (c);
window [pos] = c;
pos = MOD (pos+1);

}
}

}

: -  THRESHOLD
-

,  BUF_SIZE -
 LEN_LN. -

-
.
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LZ78

 LZ78  1978  [13], -
 « »  LZ78.

,
 « » -

.
,  ( -

) S , -
, s. s -

, , -
S.  LZ77, 

.
.

 ( ) n « » -
S, , s.

. , , -
, . .

. -

.

 « _ _ _ »
 21 .  LZ78 , , ,

-
, -

. -
.  0 -

,  1 
.
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 3.3
-
 S

n s

1 2 _ - 1 ‘ ’
2 3 _ - 1 ‘ ’
3 4 _ - 1 ‘ ’
4 _ 5 _ _ - 1 ‘_’
5 6 _ - 1 ‘ ’
6 7 _ 3 ‘ ’
7 _ 8 _ 7 ‘_’
8 9 _ 2 ‘ ’
9 10 _ 6 ‘ ’
10 _ 11 _ 6 ‘_’
11 c 12 - 1 ‘c’
12 13 10 ‘ ’
13 a 14 - 1 ‘ ’

 13 .
,

 13 .  15  (  0 
14), n -

 4 .
 13·(4+8) = 156 .

 LZ78.

n = 1;
while ( ! DataFile.EOF() ){

s = DataFile.ReadSymbol; // 
/* ,

n
s;

 phrase_num; ,  phrase_num
 1, . .
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*/
FindPhrase (&phrase_num, n, s);
if (phrase_num != 1)

/* ,

*/
n = phrase_num;

else {
/* , ;

INDEX_LN — ,
n

*/
CompressedFile.WriteBits (n, INDEX_LN);
CompressedFile.WriteBits (s, 8);
AddPhrase (n, s); // 
n = 1; // 

}
}
//
CompressedFile.WriteBits (0, INDEX_LN);

-
, . -

.

for (;;){
//
n = CompressedFile.ReadBits (INDEX_LN);
if (!n)

break; // 
// s
s = CompressedFile.ReadBits (8);
/* n

*/
GetPhrase (&pos, &len, n)
/* n

*/
for (i = 0; i < len; i++)

DataFile.WriteSymbol (Dict[pos+i]);
// s
DataFile.WriteSymbol (s);
AddPhrase (n, s); // 

}
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, -
 LZ78 -

, . .
.

,  LZ78 ,  LZW,
-

, -
 LZ77 .

 LZ78,
-

,  3:2.
 LZ78 , -

-
 ( 2 -

3), -
 [13]. , -

, ,
. , -

, ,
. , , -

 3.5  5 / . , -
,

.

2

( ) n , n — 

3 ; ,
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,
.

,
 LZ77, -
,  LZ78 [12].

 LZ

. 3.4 -
 LZ. , -

,
 LZ77,  LZ78. , -

.
 3.4

,
1 LZMV  (Miller) 

 (Wegman),
1984

LZ78

2 LZW  (Welch),
1984

 LZ78

3 LZB  (Bell), 1987  LZSS
4 LZH  (Brent),

1987
 LZSS

5 LZFG  (Fiala) 
 (Greene),

1989

 LZ77

6 LZBW  (Bender) 
 (Wolf), 1991

LZ77
7 LZRW1

(Williams), 1991
 LZSS

8 LZCB  (Bloom),
1995

 LZ77

9 LZP  (Bloom),
1995

 LZ77
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,
10 LZ77-PM,

LZFG-PM,
LZW-PM

 (Hoang),
 (Long) 

 (Vitter),
1995

 LZ

1) LZMV
 LZ78. 

:
,

, . .  « ».
 LZMV . , -

, , -
-

 LZW. , -

.

 (  LZ77).

2) LZW
 LZ78. 

-
 LZW -

. - -
 LZW

,  LZ78.  LZW
.  « », 

[11].

3) LZB
 LZSS. 

. -
 (

). -
. ,
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-
 LZ77.

4) LZH
 LZSS.  LZB, -

. -
,

.

5) LZFG
 LZ77. -

.  (C2 -
 LZFG) -

 < , >,
.

, -
.  LZFG 

.
.

6) LZBW
 LZ77. 

,
. .  «
 LZ».

7) LZRW1
 LZSS, ,

A1  LZFG, -
.

16 : 12 i  4 
j, s  ( -

 8 ). f -
 16 , . .  2-

,  16 / -
. -
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 3 . -
, . . -

- .
- -

-
.  LZRW1 -

 1.5…2.

8) LZCB
, ,

 LZ77. -
-

 —  4 . -
,

( ). ,

, . .,
,  LZCB  10 

,  5 , -
. .

-
. ,

, LZCB -
 PPM .

9) LZ77-PM, LZFG-PM, LZW-PM
 LZ. -

- , . -
- L i -

, 4 Ci L. -
S

4  — . .
 « -

»
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, -
S . -

. .  «
 LZ».

10) LZP
 LZ77. 

L
C N. -

C , -
C’: C’ = C. S , -

C’. L > 0,
f = 1 S L.

C’ , -
. L = 0, C’ -

, f = 0 S -
. -

C’.
 LZP1, 

. C’
N–1 . .  LZP1 

, -
.  LZP3 

,
. -

 PPM  LZP -
.

. 3.5 -
 CalgCC.

 3.5
LZP1 LZSS LZW LZB LZW-

PM
LZFG LZFG-

PM
LZP3

Bib 1.98 2.81 2.48 2.52 3.07 2.76 3.28 3.32

Book1 1.42 2.33 2.52 2.07 2.92 2.21 2.44 2.50
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LZP1 LZSS LZW LZB LZW-
PM

LZFG LZFG-
PM

LZP3

Book2 1.76 2.68 2.61 2.44 3.14 2.62 2.88 3.01

Geo 1.19 1.19 1.38 1.30 1.23 1.40 1.42 1.51

News 1.76 2.28 2.21 2.25 2.52 2.33 2.46 2.78

Obj1 1.55 1.57 1.58 1.88 1.56 1.99 1.85 1.83

Obj2 2.21 2.28 1.96 2.55 2.34 2.70 2.63 2.79

Paper1 1.72 2.47 2.21 2.48 2.60 2.64 2.92 2.73

Paper2 1.62 2.50 2.37 2.33 2.72 2.53 2.86 2.72

Pic 6.30 3.98 8.51 7.92 8.16 9.20 8.60 9.30

Progc 1.86 2.44 2.15 2.60 2.52 2.77 2.92 2.73

Progl 2.66 3.28 2.71 3.79 3.38 4.06 4.44 4.19

Progp 2.82 3.31 2.67 3.85 3.33 4.21 4.42 3.98

Trans 3.27 3.46 2.53 3.77 3.46 4.55 4.79 4.79

2.29 2.61 2.71 2.98 3.07 3.28 3.42 3.44

, -
. , ,

,  LZ.
-

 LZ77  LZ78 
 — LZH  LZW .

 LZ77:

: ,
2…4.

: ,
,

, .

:  10:1; -
, -

.
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:
; - -

-
.

 LZ78:

: ,
2…3.

: ,
-

, ,
; .

:  3:2, -
.

: -

 LZ77.

 Deflate

 Deflate, 
(Katz),  PKZIP [3]. -

 LZH, -
, .

, . .
,

. , -
-
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, -
 LZ77 -

.
:

• , . . -
;

• ;
• -

.
,

- . -
, Deflate 

,
, -

.
.  1994  Unisys « » -

 LZW,  1985 , -
 LZW .

, Unisys 
 LZW  GIF.

, ,
 GIF, -

, -
.  Unisys -

, -
. , ,

, -
 Unisys. , , Unisys 

 Internet (intranet) ,
GIF,  $5000 , ,

 GIF, 
 Unisys. -

,  ( ) GIF  Uni-
sys, , , .

 CompuServ, 
 GIF  1987 , . .

 LZW, .  2001
, LZW  Unisys : ,
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, , , , .
www.unisys.com.

 19  2003 .

 Deflate 
,

-
. :

1) ;
2) ;
3) .

 64 ,
.

 2  3 :
• ,

;
• .

-
.

, , -
, .

 ( ), -
 32 .

:
•  ( );
• ; -

 < , >.
 258 ,

 — 32 .
,

; ,
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. -
.

.

do{
Block.ReadHeader (); // 
/*

*/
switch (Block.Type) {
case NO_COMP:// ,

/* ,

*/
Block.SeekNextByte ();
Block.ReadLen (); // 
/*

 DataFile
*/
PutRawData (Window, Block, DataFile);
break;

case DYN_HUF:
/*

,
*/
Block.ReadHuffmanCodes ();

case FIXED_HUF:
for (;;) {

/*

*/
value = Block.DecodeSymbol ();
if ( value < 256)

// ,
DataFile.WriteSymbol (value);

else if ( value == 256)
//
break;

else {
//
match_len = Block.DecodeLen ();
match_pos = Block.DecodePos ();
/*

http://www.compression.ru/
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*/
CopyPhrase (Window, match_len, match_pos,

DataFile);
}

};
break;

default:
//
throw BadData (Block);

}while ( !IsLastBlock );

, -
.

, -
 {0, 1, …, 285},

 0…255 , 256 
,  257…285 .

,
257…285 ( ), , , -

,
. , -

. -
. -

.

 3.6

. .

257 0 3 272 2 31…34
258 0 4 273 3 35…42
259 0 5 274 3 43…50
260 0 6 275 3 51…58
261 0 7 276 3 59…66
262 0 8 277 4 67…82
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. .

263 0 9 278 4 83…98
264 0 10 279 4 99…114
265 1 11,12 280 4 115…130
266 1 13,14 281 5 131…162
267 1 15,16 282 5 163…194
268 1 17,18 283 5 195…226
269 2 19…22 284 5 227…257
270 2 23…26 285 0 258
271 2 27…30

, .
 258 -

,  Deflate -
, -

.
, Block.DecodeSymbol ,

, ,
, , -

. , . .  > 256, -

Block.DecodeLen .
:

 ( . 3.7). -

, -
. -

, -
-

.
 3.7
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-
.

-
.

0 0 1 15 6 193…256
1 0 2 16 7 257…384
2 0 3 17 7 385…512
3 0 4 18 8 513…768
4 1 5,6 19 8 769…1024
5 1 7,8 20 9 1025…1536
6 2 9…12 21 9 1537…2048
7 2 13…16 22 10 2049…3072
8 3 17…24 23 10 3073…4096
9 3 25…32 24 11 4097…6144

10 4 33…48 25 11 6145…8192
11 4 49…64 26 12 8193…12288
12 5 65…96 27 12 12289…16384
13 5 97…128 28 13 16385…24576
14 6 129…192 29 13 24577…32768

Block.DecodePos :
, , -

.
/ , -

,
.

, , . . -
.

 ( . . 3.8).
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 3.8
 (

)
0–143 8 00110000

…
10111111

144–255 9 110010000
…

111111111
256–279 7 0000000

…
0010111

280–287 8 11000000
…

11000111
 286  287 

, .
 5- ,

00000  0, 11111 — 31. -
 30  31, -

.

,
:

 i  j
1 260 5 -
2 45 20 -
3 - - 3

 2 , j =
5  ( . . 3.6):
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-
/

-

5 259 259 0
 0000011 ( . . 3.8).

 2 , i =
260 :

-

260 16 7 3
 260 

10000_0000011 ( ),
 — ,  — ,

 260 – 257 = 3.
, . 3.6, 3.7,

3.8 :

-

1 0000011
10000_0000011

•  = 259
• -

•  = 16
• -

 = 3,  = 7
2 0001101_01

01010_1100
•  = 269
• -

 = 1,  = 2
•  = 10
• -

 = 12,  = 4
3 00110011  = 3
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-
/ .

 Deflate -
, -

.
. , -

,

( / , , ,
). CWL (codeword lengths) 

, . 3.9.
 3.9

CWL
0…15  0  15
16  x ,  x -

, -
 ‘16’; -

 3…6 
17  x , ,

0; x  3  10 
,  16

18  17,  x  11  138
,

 ‘2’, ‘3’, ‘16’ (x = 4), ‘17’ (x=3),
‘4’,…, :

0 1 2 3 4 5 6 7 8 9 …
- 2 3 3 3 3 3 0 0 0 4 ?
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, -
.

-
.

( . . ) , , -
,

.

. 3.10.
 3.10

HLIT /
 257

5

HDIST
1

5

HCLEN -
 4

4

 ( -
 2)

 (
) -

: 16, 17, 18, 0, 8, 7, 9, 6, 10, 5, 11, 4,
12, 3, 13, 2, 14, 1, 15. , -

 CWL.
 CWL 

 3 ; ,
 0 ( -

 CWL -
)  23 – 1 = 7 .

(HCLEN+
4)·3

-
/

(  1)

 HLIT+257 -
/ , -

-
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 HDIST+1 -
,

-

, -

 256, -
/

-

/ :
• /

/ ,  1;
•  1 -

;
•

 ( . CWL);
• , . . CWL, -

,
2;

•  2 
;

•  2  3- .
,

 2.

: , ,
 HLIT, HDIST  HCLEN, -

, . 3.10.
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DEFLATE

,  Deflate -
. -

- ,
.

 De-
flate,  Info-ZIP group 
Zip.

- . -
 ( -

,  Deflate 
).  0 

 HASH_MASK – 1 , -
:

int UPDATE_HASH (int h, char c) {
return ( (h<<H_SHIFT) ^ c ) & HASH_MASK;

}

h — - ;
c — ;
H_SHIFT — .

H_SHIFT ,

- .
 3-

, . -
-

- ,
. , ,

 1 
. -

,
 ( ) - .

- ,
« » ,

,
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, , . .
.

- -
, . -

:
, .

 « »
 (lazy matching,  lazy evaluation). -

, « »

. , -
match (t+1) match_len

(t+1) = L st+1, st+2, st+3, …, -
, match (t+2) st+2,

st+3, st+4… match_len (t+2) > match_len (t+1) = L, -
st+1, st+2, st+3… , -

match (t+2) , t+3
. -

,  « » .
:

//
const int THRESHOLD = 3;
// match( t+1)
int prev_pos,

prev_len;
// match( t+2)
int match_pos,

match_len = THRESHOLD - 1;
// match( t+1)
int match_available = 0;
...
prev_pos = match_pos; prev_len = match_len;
/*  ( )

t+2
*/
find_phrase (&match_pos, &match_len);
if ( prev_len >= THRESHOLD &&

http://www.compression.ru/
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match_len <= prev_len ) {
/* ,

match( t+1)
*/
encode_phrase (prev_pos, prev_len);
match_available = 0;
match_len = THRESHOLD – 1;
// match_len( t+1)-1
move_window (prev_len-1);
t += prev_len-1;

} else {
//
if (match_available) {

/* st+1 match( t+1)
; st+1

*/
encode_literal (window[t+1]);

}else{
match_available = 1;

}
move_window (1);
t++;

}

, -
.

, -

-
L.

, -
, -

.

: ,
-

.
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, ,
,

.

 LZ

- -
:

1)

-
;

2)
, . . -

,
.
, , -

 De-
flate. ,

.
 « »  (greedy parsing), 

.
,

 LZ. 
, -

, .
-

,  10% ,
. -
 LZ77 , ,  [1, 10], 

 LZ78 —  [8].

:
• , -

, ;
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•
.

-
-

, -
. , ,

1  2 .

- .

LFF

-
 LZ77 
 — Longest Fragment

First,  LFF.  LFF ,
-

,
, -

.

,  « ».
-

:
-

1 2
2 4
3 3
4 3
5 5
6 4
7 3
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-

…
 7 , -

 5.
 « » -

,  « »
.  « ».

 « » -
. :

« …»  < > < > < >.
;

 9 ,  « …».
,

:
« …»  < > < > < >.
LFF  0.5…1% 

.

LZ77

 — , -
 LFF, 

. , -
,

-
, -

 LZ77  LZ78.
 LZ77 

 [10] NP- , . .
. -

 [1] , ,
,

,
.
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, -
 LZ77. 

, ,  CABARC.
, t -

 2 MAX_LEN. -
-

, -
 ( ),

price . -
.

offsets , -
,  2 max_len ,

max_len

t. offs[len] -
len . -

len ,
price : offsets [t].offs[len] = offset_min_price (t, len) .

MAX_T.
MAX_T -

 — .

struct {
int max_len;
int offs[MAX_LEN+1];

} offsets[MAX_T+1];

path[t] path

, t, « » -
.

struct Node {
/*  « » t (

)
*/
int price;
// t
int prev_t;
/* t, ,

http://www.compression.ru/
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*/
int offs;

} path[MAX_T+1];

:

path[0].price = 0;
for (t = 1; t < MAX_T; t++){

// t
path[t].price = INFINITY;

}
for (t = 0; t < MAX_T; t++){

/* ,
t

*/
find_matches (offsets[t]);
for (len = 1; len <= offsets[t].max_len; len++){

/*  len

*/
if (len == 1)

//
price = get_literal_price (t);

else
//  len
price = get_match_price (len,

offsets[t].offs[len]);
//  t + len
new_price = path[t].price + price;
if (new_price < path[t+len].price){

/*  t + len 
 path[t+len]

*/
path[t+len].price = new_price;
path[t+len].prev_t = t;
if (len > 1)

path[t+len].offs = offsets[t].offs[len];
}

}
}

, . -
, max_len

find_matches ,  « » MAX_T,

http://www.compression.ru/
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path[MAX_T] .
, . . path[MAX_T].offs

MAX_T – path[MAX_T].prev_t  (
MAX_T–1) .

,

.
 LZ77 .

:
.

-

,  LZ77 -
. , , -

match_len , .
 LZ77 

, , -
, .  1991 

(Bender)  (Wolf) , -
 « » -

 LZ  [2]. -
 (LZBW) S,

, -
S’ S

 (
). S -

S S’. , S = “ ” S’ = “ ”,
S  2.

 LZSS - .
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“ _ _ _ ”, -
 ‘ ’.  LZSS,

1 .

 3.11
-

f i j s
k _ _ _ - 0 - - ‘ ’
k+1 _ _ _ 1 2 2 -
k+2 _ _ _ _ 1 6 1 -
k+3 _ _ _ 1 16 1 -
k+4 … _ _ _ - 0 - - ‘ ’

k  ‘ ’, -
, .  1 -

.
k+1  “ ”,

,  “ ”. -
S’  0, j  2.

 2 .
k+2

‘_’,  6 . ,
k+1,

, . . .  1 .
k+3

“ ”, ,  “ ”, -
 “ ”,  “ ”  3

 2. ,  “ ”
,  “ ”

 2, , ,
“ ”  1,  “ ” -

 3 – 1 = 2.
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-
, . -

match_pos , -
t–(match_pos–1) (t+1 — 

),  « » , . .
t–(match_pos–1), …, t. -

-
j. , ,

k+3 -
. i = 16, j = 1 

 “ _…”, -
i, ,
 15  1. 

 “ ”,  10. 
 2 + j = 2 + 1 = 3, . .

 “ ”.
-

 LZH  1%. 
 ( !), -

-
, .

-

 LZ77
 (Fiala)  (Greene) [4]. 

 LZFG -
,  < -

, >, , .
,
. -

. -
 LZFG  LZSS -

 10%.
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-

, , -

. ,
-

 LZ77 , ,
LZ78 [5]. .

S
L, -

, -
, S. -

- L S.
L , -

L–1. ,
-

, .
, -

 LZ77, -
 “ ”

 2, 1  0 :
L -

L ( -
-

)
2
(  “ ”)
1
(  “ ”)
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L -
L ( -

-
)

0
( )

a
(  LZ77)

, -
L = 1  2, . . -

.
-

LZSS  1–2%, LZFG —  5%, LZW —  10%. -
 LZFG -

 20–30%. 
 LZ77-PM, LZFG-PM, LZW-PM [5].

-
, .

i, -
,

i ± ,  — .
 ( ,

),
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, -
.

 (
) :  ( ) ,

.
, -

 LZ77, 
.

,
.

m
, .

 LRU, . . -
 0,  « » — m–1. B

Bi, B i . Bi

 LRU, . .  0, 
B0, B1, …, Bi-1 .

B, -
B0, -

 LRU, Bm-1 -
.

m  2. -
, -

m.
 {0, 1}, -

 15, 14, 14, 2, 3, 2,… -
.

-
-

B0 B1

-

1 15 0 1 17
2 14 15 0 16
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-

3 14 14 15 0
4 2 14 15 4
5 3 2 14 5
6 2 3 2 1
7 ? 2 3 ?

 3. 
,

. - -
,

.
, m -

 4…8.
-

.
-

 « -
» .

-
 — ,

.

,
LZ77, : 7-Zip, CABARC, WinRAR.

, -
.

,
match_len offset_base , , , -

-
. -
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, ,
.

, ,  LZX (
CABARC)  2  8 -

, match_len  > 8 
. -

match_len  – 9.
/ -

, :

if (match_len >= 2) {
//
if ( match_len <= 8 )

metasymbol = (offset_base<<3) || (match_len–2);
else

metasymbol = (offset_base<<3) || 7;
/* , , ,

/
*/
encode_symbol (metasymbol, NON_LITERAL);
if (match_len > 8)

//
encode_length_footer (match_len – 9);

//
encode_offset_footer (...);
...

}else{
// t+1
encode_symbol (window[t+1], LITERAL)
...

}

:
.
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,
 LZ

 LZ- -
:

1) 7-Zip,  (Pavlov);
2) ACE,  (Lemke);
3) ARJ,  (Jung);
4) ARJZ,  (Ziganshin);
5) CABARC,  Microsoft;
6) Imp,  Technelysium Pty Ltd;
7) JAR,  (Jung);
8) PKZIP,  PKWARE Inc.;
9) RAR,  (Roshal);
10) WinZip,  Nico Mak Computing;
11) Zip, Info-ZIP group.

-
- , -

,
,

.  7-Zip, -
-

 LZH.  LZMA, -
 7-Zip, 

.
. 3.12 

 CalgCC.
 3.12

ARJ PKZIP ACE RAR CABARC 7-Zip
Bib 3.08 3.16 3.38 3.39 3.45 3.62

Book1 2.41 2.46 2.78 2.80 2.91 2.94

Book2 2.90 2.95 3.36 3.39 3.51 3.59

Geo 1.48 1.49 1.56 1.53 1.70 1.89

News 2.56 2.61 3.00 3.00 3.07 3.16

Obj1 2.06 2.07 2.19 2.18 2.20 2.26

Obj2 3.01 3.04 3.39 3.38 3.54 3.96
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ARJ PKZIP ACE RAR CABARC 7-Zip
Paper1 2.84 2.85 2.91 2.93 2.99 3.07

Paper2 2.74 2.77 2.86 2.88 2.95 3.01

Pic 9.30 9.76 10.53 10.39 10.67 11.76

Progc 2.93 2.94 3.00 3.01 3.04 3.15

Progl 4.35 4.42 4.49 4.55 4.62 4.76

Progp 4.32 4.37 4.55 4.57 4.62 4.73

Trans 4.65 4.79 5.19 5.23 5.30 5.56

3.47 3.55 3.80 3.80 3.90 4.10

: ARJ 2.50a, PKZIP
2.04g, WinRAR 2.71, ACE 2.04, 7-Zip 2.30 beta 7. 

 LZ, 
. ,  7-Zip 

, « »
, .

, -
.  WinRAR  ACE -

.
 7-Zip  2.3  RAR  3  LZ-

,  7-Zip  RAR 
 LZ,  PPMII, -

.
,  ARJ

 PKZIP  4.5 ,  RAR  ACE, -
, ,  CABARC  7-Zip -

 30% .  ARJ  PKZIP 
, .

5

1.
 LZ- ?

5
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2.
LZ77  LZ78?

3.  LZ77 
-

,
-

 LZ77?  LZ78?
4.  LZ77 

-
, -
?

, ?
5. ,

 LZ77, 
 LZ78, .

 LZ77  LZ78,

?
6. -

LZ77?
7. -

 — , . . —
?

8.  « »
 LZ77,  « -

 LZ», ?
, -

-
?

9. -
 LZ78

,
LZ77?
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» (universal modelling
and coding),  (Rissanen) 
(Langdon)  1981  [12]. -

:
• ;
• .

-
, ,

 — -
-

 ( . 4.1). « » , -

, ,
 « ».

 ( )

. 4.1. 

,  « » -
-

, . . .
,

 ( )  (
).  « -

» , -
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, -
. -

 « »
.

. -
 « -

»,  — « », 
« ».

 [13] -
, si,

p(si),  –log2 p(si) ,

 (1). -
, -

, -
q(si) -

si .
-

, , -
, -

. ,
-

,
 — « »,  « » (

“predictor”).
si q(si) -

 –log2 q(si) .
. , -

 {‘0’,’1’}, -
, -

: p(‘0’) = 0.4, p(‘1’) = 0.6. 
: q(‘0’) = 0.35, q(‘1’) = 0.65. H
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.971.06.0log6.04.0log4.0

)'1('log)'1(')'0('log)'0('

22

22
pppp

≈−−=
=−−

,  « » -

.934.065.0log65.035.0log35.0

)'1('log)'1(')'0('log)'0('

22

22
qqqq

≈−−=
=−−

, ,
. -
! -

p,  ‘0’  –log20.4  1.322 ,  ‘1’
 –log20.6  0.737 .

q  –log20.35  1.515  –log20.65  0.621 -
. -

 ‘0’  1.515 – 1.322 = 0.193
,  ‘1’  0.737 – 0.621 = 0.116 .

 0.4·0.193 – 0.6·0.116 = 0.008
.

: -
, -

, .

-
, -

. ,
, -

.
-

,
, -
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,
.

 1980- . -
,

-
,  (1) ( .

 « »  1). , -
 —

 — 
. -

.
, -

, ,
.

-
.

:
• ;
• ;
•  ( );
• - .

-
. ,

.
; -

, ,
, .

:
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). -
, , -

-
-

:
•  ( ) ,

« », -
-

; , , « -
» -

;
•

(  — -
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• ,
.

-
, -

.
-

, ,
-

.
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,
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,
.
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.

. , ,
,

 4.5 . -
, -

. ,
 1.5 -

, -
. ,

64,  128  ( ,
, ),  7- .

 — ,
, — -

. , , -
, .

, ,
. , ,

 “_ ” (
),

: ‘ ’ (« »), ‘ ’ (« »), ‘ ’
(« »), ‘ ’ (« »). , -
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-

 3.6 , -
 —  3.2 . -

,
-

,  — -
.

, , -
,

 ( ,
, ) — 4.5  3.6 .

 ( -
, , , ) -

: , -
, , .

 ( , , , -
) -

, .
,  « » -

 —  ( -
), .

.  « »  « -
» , . . , -

.
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(finite-context modeling), 
N. ,

 3  ‘ ’ -
 “… …” -

 3  “ ”.  « -
»  “ ”, “ ”, “ ”, -

 “”. N  0 
,

.
 « o, o N»

 « o».
 — -

 — 

, -
. -

,
.

-
, -

.  “ ”,
 “ ”  ‘c’  ( ,

 ‘c’  “ ” ),  ‘ ’
— . ,

 ‘c’  “ ”  2/3, -
 ‘ ’ — 1/3, . .

.
o

N, , -
. -

, -
, . . . -

- s -
s -

.
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. -
, . .

-
.

. o,
 « (o)».

,
(–1),

.
, -

, -
, qN, q — 

. (0) (–1) .
,

« »  « ». 
.

 « »  « » .
 “ ”  “ ”  “ ”,

 ( )
 “ ”. ,  “ ”

 “ ”, -  — “ ”, “ ”, “”.
,  « »  “” .

,
.

.
-

.
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 “ ”,
 “ ”;

• ,
 ( , ‘ ’).

,

. ,
 —  — 

, . .
.

, -
, -

,  « » -
-

. , -
N, -
. ,

.
(N),

 « » (pure) 
N. -

« » -
.

,
,

, -
.

, -
, -

 (blending). -
.

N. q(si|o)
, (o) si

, q(si)
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ƒ
−=

=
N

o
ii osqowsq

1

)|()()( ,

w(o) — (o) .
q(si|o) si

)(
)|(

)|(
of

osf
osq i

i = ,

f(si|o) — si -
o;

f(o) — -
o .

, , , f(si|o),
f(si| j(o)), . . « si o

j(o)», o -
. -

-
, . . -

. -
, N+1 -

N  0, -
, .

.
w(–1) > 0, -

, . . (–1) -
, -

, .
 (fully blended),

-
,  (partially

blended) — .
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 1
-

 ‘ ’,  “ _ ”.
, .

 2
-

,  0.6,
0.3  0.1. , (0)

 {‘ ’, ‘ ’, ‘ ’, ‘ ’, ‘ ’, ‘ ’,
‘_’, ‘ ’} ;

 1.
 ‘ ’  “ ”, “ ”

 ( ). -
, . 4.1.

 4.1
‘ ’ ‘ ’ ‘ ’ ‘ ’ ‘ ’ ‘ ’ ‘_’ ‘ ’
3 5 2 2 2 2 2 1

 0
(
“”)

- 3 8 10 12 14 16 18 19

- - 1 1 - 1 - -
 1

(
“ ”)

- - - 1 2 - 3 - -

- - 1 - - - - -
 2
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 PPM

 Prediction by Partial
Matching ( ), -

 1984  (Cleary)  (Witten) [5], -
-
-

. ,
,  PPM, 

-
, « » -

.
 PPM -

-
.  10  —  1980-

 1990-  —  PPM -
.

, -
-

, -
,  «PPM» -

.
 PPM, -
.

, -
, -

, .
-

 — , , , -
.  « » -

 « ». 
, .

PPM . -

. ,
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(–1), -
.

-
, , -

. -
 ( ) , -

, . .

.
 PPM .

(N), N
 PPM- . -

-
 (escape strategy), 

.
,  — -

,
.

. -
, -

,
-

.
,

 « -
».

, -
 PPM 

:
1. N, . . -

N ;
2. ,

,
.
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,
, -

, N. ,
, -

N . , -
 PPM , , -

, .

.
s  PPM-

N, , ,
(N). s -

, ,
s. ,

(N–1)
s.

, s . (–
1) , . -

, ,
. , -

.
, -

,
.

o < N
,

(o+1),
s. (o) , . . -

, ,
(o+1). -

 (exclusion).
-

,
, (–1).
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.
-
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 « ».
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 PPM 
.

 2
 " " -

 {‘ ’, ‘ ’, ‘ ’, ‘ ’}, .
?

 1 , -
 1 

, , -
 3, . . N = 3.

(–1), -
 1. -
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:
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 ‘ ’, . . ‘?’ = ‘ ’,
.

 3-  “ ”.
, , ,

 2- .
 (“ ”)  ‘ ’  ‘ ’, -

 1 ,
 1/(2+1), -

 2 — -
 “ ”, 1 — .

1-  “ ”  ‘ ’, -
 ( ),  ‘ ’

 ‘ ’,
1/(1+1). (0)  ‘ ’ ,

 ‘ ’, ’ ’, ‘ ’ ,
. -

 1. 
(–1),  ‘ ’

,
 1  0 .

,
 ‘ ’ -

 2.6 .

 “ ”
‘ ’ .

 0 N.
. 4.2 ,

 {‘ ’, ‘ ’, ‘ ’, ‘ ’} .
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3  –1
s

3 2 1 0 –
1

-
-

 q(s)

-
-

“ ” “ ” “ ” “”
‘ ’ -
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+
- - -
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1 1.6

‘ ’ -
12

1

+ 11

1

+
- -

6

1 2.6

‘ ’ -
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+
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3

1 1.6

‘ ’ -
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1
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+
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6
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,  “ ”  2 
. 4.3.

 4.3

-
( )

-

‘ ’ 1
3

1

3

1 [0 … 0.33)

‘ ’ 0 - - -
‘ ’ 1

3

1

3

2 [0.33 … 0.66)

‘ ’ 0 - - -
1

3

1 1 [0.66 … 1)

s
q(s)  log2q(s),

.

.

/* N (

), N
, o

N
*/
context = "";
while ( ! DataFile.EOF() ){

c = DataFile.ReadSymbol(); // 
order = N; // 
success = 0; // 
do{

//
CM = ContextModel.FindModel (context, order);

/* c ,
CumFreq  (

),  counter —
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;  success

*/
success = CM.EvaluateSymbol (c, &CumFreq, counter);
/*

*/
Stack.Push (CM, counter);
// c
StatCoder.Encode (CM, CumFreq, counter);
order--;

}while ( ! success );
/* : ,

. .
*/
UpdateModel (Stack);
// : , c
MoveContext (c);

}

PPM-

PPM N = 1 -
. , -

.
 1- -

, -
.
,

-
, ,

. -
, -

 1  256. -
, , - , (–1) -

(0), , - ,
(0) , (1). , (0) -

 256.
ContextModel

count  256 .
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esc , TotFr ,
. -

TotFr , -
.

.

struct ContextModel{
int esc,

TotFr;
int count[256];

};
ContextModel cm[257];

int  4 ,
 257 .

, -
, SP -

context.

ContextModel *stack[2];
int SP,

context [1];
//  1 

.
-

init_model .

void init_model (void){
/*  cm ,

 0. 
(0) ,

, ,
.

.
*/
for ( int j = 0; j < 256; j++ )
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cm[256].count[j] = 1 ;
cm[256].TotFr = 256;
/* ,

 0. ,

. .
*/
context [0] = 0;
SP = 0;

}

-
. update_model -

, rescale -
. -

-

TotFr+esc .
 « ».

const int MAX_TotFr = 0x3fff;
void rescale (ContextModel *CM){

CM->TotFr = 0;
for (int i = 0; i < 256; i++){

/*

*/
CM->count[i] -= CM->count[i] >> 1;
CM->TotFr += CM->count[i];

}
}

void update_model (int c){
while (SP) {

SP--;
if ((stack[SP]->TotFr + stack[SP]->esc) >=

 MAX_TotFr)
rescale (stack[SP]);

if (!stack[SP]->count[c])
/* ,

*/
stack[SP]->esc += 1;
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stack[SP]->count[c] += 1;
stack[SP]->TotFr += 1;

}
}

encode .
,

,
. -

encode_sym , -
.

int encode_sym (ContextModel *CM, int c){
// ,
stack [SP++] = CM;

if (CM->count[c]){
/* ,

;
 count

*/
int CumFreqUnder = 0;
for (int i = 0; i < c; i++)

CumFreqUnder += CM->count[i];
/* ,

c,
*/
AC.encode (CumFreqUnder, CM->count[c],

CM->TotFr + CM->esc);
return 1; //  encode 

}else{
/* (0);

 1-
, ,

 ( ),
, ,

. . TotFr+esc = 0
*/
if (CM->esc)

AC.encode (CM->TotFr, CM->esc,
CM->TotFr + CM->esc)

;
return 0; // 
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}
}

void encode (void){
int c, // 

success; // 
init_model ();
AC.StartEncode (); // .
while (( c = DataFile.ReadSymbol() ) != EOF) {

// (1)
success = encode_sym (&cm[context[0]], c);
if (!success)

/* (0),

*/
encode_sym (&cm[256], c);

update_model (c);
context [0] = c; // 

}
// (0)

AC.encode (cm[context[0]].TotFr, cm[context[0]].esc,
cm[context[0]].TotFr + cm[context[0]].esc);

AC.encode (cm[256].TotFr, cm[256].esc,
cm[256].TotFr + cm[256].esc);

//
AC.FinishEncode();

}

. -
-

. get_freq -
x,  [CumFre-

qUnder , CumFreqUnder+CM->count[i] ), . . CumFreqUnder x <
CumFreqUnder+CM->count[i] . -

i, .

int decode_sym (ContextModel *CM, int *c){
stack [SP++] = CM;
if (!CM->esc) return 0;

int cum_freq = AC.get_freq (CM->TotFr + CM->esc);
if (cum_freq < CM->TotFr){

/* ;
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*/
int CumFreqUnder = 0;
int i = 0;
for (;;){

if ( (CumFreqUnder + CM->count[i]) <= cum_freq)
CumFreqUnder += CM->count[i];

else break;
i++;

}
/*

*/
AC.decode_update (CumFreqUnder, CM->count[i],

CM->TotFr + CM->esc);
*c = i;
return 1;

}else{
/*

,

*/
AC.decode_update (CM->TotFr, CM->esc,

CM->TotFr + CM->esc);
return 0;

}
}

void decode (void){
int c,

success;
init_model ();
AC.StartDecode ();
for (;;){

success = decode_sym (&cm[context[0]], &c);
if (!success){

success = decode_sym (&cm[256], &c);
if (!success) break; //

}
update_model (c);
context [0] = c;
DataFile.WriteSymbol (c);

}
}
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,
Dummy,  «

 Calgary Compression Corpus». 
Dummy  1.

 30% 
,  PPM. 

-
. ,

 PPM, 
( ).

:
,
, ,

. ,
-

,

.

:
C — , . .

;
S — ;
S(i) — , -

i ;
E(x) — x.

 PPM :
 A  B. -

 PPM  PPMA  PPMB .
 5 

:  C, D, P, X  XC [8, 10, 17].  PPMA 
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PPMB,  PPM,  C  D, 
 PPMC  PPMD .

. 4.4
. 4.5.

 4.4

=)( xE
A

1

1

+C
B

C

SS )1(−

C

SC

S

+
D

C

S

2
P

−+− 3

)3(

2

)2()1(

C

S

C

S

C

S

X

C

S )1(

XC

fl

fi

› <<

E

CS
C

S

C ,

0,
)(

)1(
)1(

,  2  A, -
 Dummy — .

 B -
,

.
.  P, X, XC 

, -
si i.
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 4.5

XC D P X C B A
C X P XC D B A

. 4.5 . , ,
 XC, D, P, X -

,
. -

 A  B 
.

: ,
 2,  C. -

 ‘ ’,
, ?

,
, -

.
 Secondary Escape Estimation (SEE), . . « -

»,  « ». -
-

 ( ,
, ) -

:

i

iSEE

n

escf
iE

)(
)()( = ,

fi(esc) — 
i;

ni — i.
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 « » -
,

-
.

Z

 SEE 
 Z,  PPM —

PPMZ [3].  SEE 
« »  «PPM- ».

 (escape contexts) , .
-

:  PPM- ,
PPM- ,

. -
.

,
,

, . -
.

,  (  2, 1  0), -
.

 2 ,
-
-

 2.  2 -
. 4.6 [3].
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 4.6

1 2  / 2
(

);
2 2

1 0
2 1
3 2
> 3 3

3 3

0 0
1 1
2 2
3, 4 3
5, 6 4
7, 8, 9 5
10, 11, 12 6
> 12 7

4 9 X1 = 
 ( -
)  PPM-

;
X2 = 

;
. .,

 8 
xXXxxxxx,  XX

((X2&0x60) << 2)
| X1

 1, 2, 3. -
 1  4  8 

. -
 0 . , -
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 4  1  2 -

ASCII. , , -
 SEE-d1  SEE-d2, -

.
(n) -

wn

,
1

1
log)1(

1
log

1
22 ‚

„

•
¤
'

§
−

⋅−+‚
„

•
¤
'

§⋅=
e

e
e

e
w

n

e — , (n);
-

, -
, , , -

.
:

.2

0

2

0)(

ƒ

ƒ

=

==
n

n

n
nnZ

w

we
E

.  (
) -

 0, 1  2.

SEE-D1 SEE-D2

, -

PPMd  PPMonstr [1]. 
-  (  Z ), , -

, ,
.

 SEE-d1,  — SEE-d2.
 SEE-d1  PPMd -

-
. .
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:
•  ( ),

;  d;
• , . . -

, , -
;

, ; -
 nm;

• ; -
 m.

, -
.

 d , -
. , -

-
.

,

.
1)  128 .
2)

,
 4 ;

3) -
-

.
-

.  2 .
4) -

.
,  0, 

,  1 -
.

5)
,
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. -
.

 PPM-
. , -

. -
 1, 

,  0.5
L . L

 PPM- .
6)

 d.  0, 
,  1 .

,  128·4·2·2·2·2 = 8192 -
 d.

 nm -
, -

. -
, -

. ,
:

)1()|( pposp kk

i
−= ,

)|( osp k

i
 — si

(o) k .
, )|( osp k

i
 — 

k  (1 – p).
p -

 d. p,
.

,  1 ,
, . . . -

.
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fl

fi

›
−<
−<

koSoS

koSoS

,0

)()(2,4/1

)()(4,2/1

,

S(o) — (o);
S(o–k) — (o–k),

.
,

 1– )|(0 osf
i

, )|(0 osf
i

-

si ( .  «
»).

 m 
. -

, -
, , -

. -
, ,

.
.

1)
; -

 25 .
2)

S(o) –S(o+1) (o) S(o+1)
(o+1) .

3)  2 -
S(o) – S(o+1)

S(o–1) – S(o), -
(o–1), (o)

.
4) -

.
,  0, 
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,  1 -
.

5)

1)(

)(

+oS

of
, -

, f(o) -
(o).

 25·2·2·2·2 = 400 
 m.

 SEE-d2,  PPMonstr, -
 SEE-d1 :

1)  4  d;
2)  2  m;
3)  KM  nm .

 0,5–1%,

.
 SEE-d2,  SEE-d1  SEE -

 Z -
.

 Dummy 
. -

TotFr .
.

:

struct SEE_item { //
int e, s;

};
int TF2Index [MAX_TotFr+1]; //  TotFr
SEE_item *SEE;
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TotFr -
:

TotFr

1 1
2…3 2
4…7 3
8…15 4
… …

, TotFr -
TotFr , ,

. MAX_TotFr  = 0x3fff, 
 14 .

init_model .

void init_model (void){
... // 
int ind = 0, //

i = 1, //  TotFr
size = 1; //

do{
int j = 0;
do{

TF2Index [i+j] = ind;
}while (++j < size);
i += j;
size <<= 1;
ind++;

}while ((i + size) <= MAX_TotFr);
for (; i <= MAX_TotFr; i++)

TF2Index [i] = ind;
/*  TotFr = 0 

 0
*/
TF2Index [0] = 0;
SEE = (SEE_item*) new SEE_item[ind+1];
//
for (i = 0; i <= ind; i++) {

SEE[i].e = 0;
/*  0, 

*/
SEE[i].s = 1;
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}
}

encode_sym  (
):

int encode_sym (ContextModel *CM, int c){
int esc;
stack [SP++] = CM;

SEE_item *E;
E = calc_SEE (CM, &esc); //
if (CM->count[c]){

int CumFreqUnder = 0;
for (int i = 0; i < c; i++)

CumFreqUnder += CM->count[i];
AC.encode (CumFreqUnder, CM->count[c],

CM->TotFr + esc);
/*

*/
E->s++;
return 1;

}else{
if (CM->esc){

AC.encode (CM->TotFr, esc, CM->TotFr + esc);
//
E->e++;

}
return 0;

}
}

decode_sym

.

int decode_sym (ContextModel *CM, int *c){
stack [SP++] = CM;
if (!CM->esc) return 0;
int esc;
SEE_item *E = calc_SEE (CM, &esc);

int cum_freq = AC.get_freq (CM->TotFr + esc);
if (cum_freq < CM->TotFr){

int CumFreqUnder = 0;
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int i = 0;
for (;;){

if ( (CumFreqUnder + CM->count[i]) <= cum_freq)
CumFreqUnder += CM->count[i];

else break;
i++;

}
AC.decode_update (CumFreqUnder, CM->count[i],

CM->TotFr + esc);
*c = i;
E->s++;
return 1;

}else{
AC.decode_update (CM->TotFr, esc,

CM->TotFr + esc);
E->e++;
return 0;

}
}

,
, -

, ,

se

e

escTotFr

esc

+
=

+
,

TotFr
s

e
esc ⋅= .

calc_SEE , -
, :

const int SEE_THRESH1 = 10;
const int SEE_THRESH2 = 0x7ff;
SEE_item* calc_SEE (ContextModel* CM, int *esc){

SEE_item* E = &SEE[TF2Index[CM->TotFr]];
if ((E->e + E->s) > SEE_THRESH1){

*esc = E->e * CM->TotFr / E->s; //
if (!(*esc)) *esc = 1;
if ((E->e + E->s) > SEE_THRESH2){

E->e -= E->e >> 1;
E->s -= E->s >> 1;

}
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}
else *esc = CM->esc; //
return E;

}

SEE_THRESH1 -
,

, . .
. SEE_THRESH2

-
s e , , -

E->e * CM->TotFr , , -
-

.
-

. , , -
CM->TotFr , . . , -

, , -
-

e s .

[1].
esc , -

CM->TotFr + esc -
. -

.

:

. -
.

 CalgCC, -
-

 0.3%. 
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,
.

:
 1–2% 

,
.

-
- . -

-
 0, 1, …, N, , -

,  PPMA  PPMB. -
 (full updates). -

,  PPM,

o, o+1, …, N,
o — , .

, -
- ,

.  — -
 (update exclusion).

 « »
 (exclusion), 

,
.

-
 PPM-  1–2% 

, -
.

. ,
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 PPM* (  PPM* ),
.

-
-

, -
. , -

. -
, -

. ,
 1 

,  1/(o–
i+1)

i. (i) (o),
. ,  PPMd 

 1/2 
.

,
(o) .

 PPM* 
 (partial update exclusion). -

-
, ,

. -
,

 (
). , -

.
 PPM 

. -

. -
-

.
. -

, -
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.
, -

,
.

,
,

« » .
,

( .  «
»). 

-
 ( .  « -

»).
,

,
,

.  1 -
 4  8, 

 16-
. ,  = 4, 

: 4 (
), 8, 12, 16… -

 Dummy .

-
 PPM 

, -
.

 PPM- ,
, . ,

 0  16 (  4–
6), , -
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), , -
. , . 4.3. 

 PPM-
. , -

N = 4…5, 
.

1

1.5

2

2.5

3

3.5

4

0 1 2 3 4 5 6 7 8

. 4.3. 
 PPM-

 2 :
• ,

, ;
• - .

 Local Order Estimation (LOE) —
« ».  LOE -

,
 « » -

 — -
 —  0 N.

 LOE:
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1) -
N ;

,
« », ,

;
2) ;
3) .

, ,
,

. ,
, -

,
 PPM.

-
 PPM, ,

, ,
, . ,

 « » -
.

(o) (o–1). -
, , ,

(o) ,
(o–1). -

(o)
-

(o–1).
 [3] ,

Q -
 (Most Probable Symbol's Probabil-

ity, MPS-P) E .
:

))(log1()(loglog 222 cEQdcEEbQQa −−⋅+−⋅+⋅ , (4.1)
a, b, c, d .
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-
 (4.1) .

, Q
, Q

( b = d = 0).
, -

 « »  MPS-P.
 PPM-  2

 {‘0’, ‘1’}, -
:

p(0|00) = 0, p(1|00) = 1,
p(0|10) = p(1|10) = 0.5.

 “00”  “10” .
, -

 “10”, , -
, (2)

q(0|10) = q(1|10) = 0.5,
(1)

q(0|0) = 0.25, q(1|0) = 0.75.
(2)

)10|1(log)10|1()10|0(log)10|0(
22
qqqq −− ,

 1 . (1)

)0|1(log)0|1()0|0(log)0|0(
22
qqqq −− ,

 0.8 . ,
« » ,

(1).  MPS-P 
(1). . , -

(2),  ‘0’  ‘1’  –log2 0.5 = 1 .
(1),  ‘0’  –log2 0.25 = 2 ,

 ‘1’  –log2 0.75  0.4 . -
 ‘0’  ‘1’

 “10” ,
 “0” 
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 “10”  0.5·(2–1) +
0.5·(0.4–1) = 0.2 .

,  LOE

, . .

PPM.

.  2001 
 PPM, -

, -
, -

 [1].
,

 [1], 
. -

, -
. (o) -

si

f(si|o) )|(0 osf
i

, -

 ( -
- ).

(o) (o–k),
. (o)

oko

ii

Fkof

kosf

of

osf

,

0

)(

)|(

)(

)|(

−+−
−= , (4.2)

)|(0 osf
i

— ;

f(o) — (o),
;

Fo–k,o — ,
o–k+1 … o.
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( )ƒ ƒ
+−= =− −−=

o

kom

mS

j
joko

msfmescfmfF
1

)(

1

0

,
)|()|()( ,

f(esc|m) — (m);
S(m) — (m),

.

: Fo–k,o

 (4.2).

 (4.2) -

. , -
(o–k), k

1, . . ,
, , , o–1 …

o–k+1  « », -
. -

)|()()()(
)|()(

)|(0

kosfkofosof

kosfof
oif

i

i

−−−+−
−⋅= .

)|(0 osf
i

-

(o). -
si o. -

,
,

)|(0 osf
i

, , .

« » -
si , -

.
,
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 1…10%. 
 2–4%.

: -
, -

, , -
 LOE.

-
s, ,

s, , .

 ( ) .
,  [15], 

“recency scaling” — « ».
. .

 PPMN.  2001 -
,  recency scaling.

 1.1–1.2,

, -
-  « » .

 2–2.5,

.
-

. , -

-
.
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.  5000 -
, , ,

. ,
.

 recency
scaling  Dummy.

last ,
.

struct ContextModel{
int esc,

TotFr,
last;

int count[256];

};

last

1, last -
. -

last  0, . . cm

.
encode_sym decode_sym -

1.25.

int addition;
if (CM->last){

addition = CM->count[CM->last-1]>>2;
CM->count[CM->last-1] += addition;
CM->TotFr += addition;

}

,
AC.encode AC.decode_update , -

.

if (CM->last){
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CM->count[CM->last-1] -= addition;
CM->TotFr -= addition;

}

, , last -
update_model .

if (!stack[SP]->count[c])
stack[SP]->esc += 1;

else stack[SP]->last = c+1;

, -
addition , . . -

.
.

 CalgCC  0.5%. -

. , ,  Obj2 
 —  6% — -

 4.

:
 (recency scaling) 

 0.5–1%, 

,
.

,  A, B, C , ,
-

 [15].
,

. -
 [15]  “deterministic scaling” — « -
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». ,
 recency scaling.

 deterministic scaling ,
,

 [15].
Deterministic scaling -

,
,

.

, ,
, -

-
. -

 ( )  ( ),

. ,
- ,

.
-

, -
.

-
p(si|o) p(smps|o)/2, p(smps|o)

 (most probable symbol) smps .
, f(o) < f(o–1).

(o) « », f(si|o) si ,
, f(si|o–1).

f (si|o) f(si|o)
 « » )1|( −′ osf

i
:
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)1()(
)1|()1()|()(

)|(
−+

−′⋅−+⋅=
ofof

osfofosfof
osf ii

i
,

)1|()1(

)|()(
)1|()1|(

−−−
−⋅−=−′

osfof

osfof
osfosf

i

i

ii
.

.
,

, -

 SEE.  Secondary
Symbol Estimation (SSE) — « ». -

 PPMonstr  H 
 (  m) -

 (  nm).
 SSE .

 nm:
1) f(smps|o) ,

 68 ;
2) , ,

;
3) , -

o
,  128
;

4) ,  0, 
-

,  1  (  4
 d  SEE-d1);

5) ,  0, 
smps ,  1  (

 6  d  SEE-d1).
 m:

1) p(smps|o),  40 ;
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2) -
;

3) , , -
;

4)  2  SSE  nm ( . -
);

5)  4 .
 SSE 

 PPMonstr 
H.

:  SSE -
 0.5–1% -

, . .
, -

, , -
.

 SSE -
. , -

.
 SSE -

6. -
, , . .

 1. s -

« »/« »: « » — s, « » —
,

.  « » i

6 .  2001 
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)|()( osqoQ
i

SSE

i
= ,

)|( osq
i

SSE  — i, -

 SSE i–1;
)|( osq

i

wi(o)  SSE.
))(),(),(),|(()|(

21
owowowosqSSEosq

Pii

SSE = ,

ƒ
−

=
−

= 1

1
)|()(

)|(
)|( i

r
r

i

i

osfof

osf
osq .

, (o)
‘ ’, ‘ ’, ‘ ’, ‘ ’.  ‘ ’,

 « », « », « » -
 (1 – Q1(o))·(1 – Q2(o))·Q3(o).

SSE  recency scaling. -
 1 

( ), , , .  «
»

-
.

 SSE ,
- . ,

 1 ,  « -
» .

. 4.7 -
 PPMonstr  H ,

 SSE .
 CalgCC 

VYCCT. ,  Book1, -
-

.  64- .
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 4.7
,-

-
 H

, %
-
,

Book1 205144 203669 0.7% 2.0

Fileware.doc 112111 100454 10.4% 2.5

Obj2 65093 58466 10.2% 2.1

OS2.ini 94218 83405 11.5% 2.2

Samples.xls 70912 64666 8.8% 2.0

Wcc386.exe 278045 255719 8.0% 3.3

:  SSE -
-
.
-
-

 (BWT, LZ) 
, .

-
 2 

PPM  PPM*

5–6 PPM -
,

-
.  1990-

 [6]. , PPM*
(  « - - »), -

.
-

:
.
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, -
 ( ).

,
. -

PPM* -
 PPM, . . PPM- .

 PPM*,  [6], 
:  PPMC  5, 

, , ,
. ,

-
 PPM  PPMC ,

.
 PPM*  PPM, 

. 4.8  4.9.
,  PPM  PPM* 

,  [4].

:  PPM* -
 PPM 

 PPM

-
 PPM -

. - , -

 ( ) , , ,
, -

,
.

 PPM -
: , -

 PPMd 
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PPMonstr. ,
, , , PPM-

-
.

,
 PPM -

-
 (

). , ,
, -

,
 OCR, , -

, ,  [18].
 PPM -

:
•  (  5–10% 

);
•

;
LZ77 

;
•  ( -

);
•

 PPM  4…12 ,
/

LOE,  16…32 ; -
- -

, -
;

• ,

, -
-

 (
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);
 PPM  LZ77, 

, ,
 ( .  « -

»);
•  —  — 

-
-

;
•

 LZ77 ,
.

PPM- , , , -
, ,  LZ 

BWT. ,  PPM- -

, -
.

 ( , -
)  BWT-

, -
- - . -

-
PPM,  LZ  BWT, 

, -
.

 PPM:

: , -
 3–4,  2–3.

: ,
.
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:  1; -
.

:
.

,

HA

 HA , , -
, .

,  HA ,
,  (Hirvola), -
.

 HA  LZ77 
PPM.

 PPM 
 PPMC. -

-
. LOE -

, -
.  4, -

 — . -
- .

.
 CalgCC, .

4.8,  0.999c. -
 2 , -

 PPM.
 MS DOS, 
 400 , , -

,  4 , -
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.

CM

CM  (Ziganshin) ,
- .

.
,  1 , -

N. -
, -

. ,
, -
. .

:
• N,

 0 N;
•

fmin, -
.

,
-

- .

,
« » .

 PPM.
-
-

. , CM ,

.
,

. 4.8, 
–o4  –m10000000, . . N = 4, -
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 5
, ,  10 , -

CalgCC.

RK RKUC

,
 (Taylor)  RK -

.
 PPM-

, -
, -

-
.

 RK 
, ,

,  MS Word  MS Excel, 
.

 RK :  PPM
- .  PPM-

RK  RKUC, -
.

 RK -
 ( . 4.8).

RKUC -
 16.  16, 12, 8,

5, …, 0 , , –1.  RKUC -
-

. -
 LOE.

,
(sparse) ,  (binary) -

. ,
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, -
. ,  4 -

7 ( ), -
,  « »  « »

 « X »,  X — .
,

, -
. -

.
 RKUC 

 Z.
 RKUC  1.04, -

 -m10 -o16 -x -b, . . -
 16 ,  10 ,

 LOE .
, -

 1%, 
 (Geo, Obj1, Obj2) — -

.

PPMN

 PPMN 
(Smirnov) . -

 PPM- ,
, -

 PPMZ, -
-

.
 PPMN  PPM -

. N  7, 

7 , -
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 « » 8 
9, (N), N = 8…9, 

N.
, ,

.
, -

 Z. -
, :

• ;
• ;
• ;
• ;
• , , -

-
L = 16 .

-
, ,

-
, . -

-
: -

, . . ,
 4,  — 1. 

,
 Z -

.
 RKUC, -

-
 — . ,

N = 5 PPM-  5, 3, 2,
1, 0, –1 , (5) -

(3). ,
, , -

, .
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,  PPMN -
. -

-
 1  2, -

 — 
.

 PPMN -
: (o) -

(o–k),
k > 0, .

-
.

 HA, 
- . -

(N) -
(N), -

.
PPMN -

 Intel x86 ( .  « -
»). ,

 8- , 16-  32- ,
 (RLE).  SEE, -

-

.
. 4.8  PPMN 

1.00 beta 1 
 (  –da ).  6

(  –o6),  20 .

PPMD PPMONSTR

 PPMd  PPMonstr  (Shkarin)
 PPMII  cPPMII

(complicated PPMII, . . « » PPMII) [1]. -
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.
PPMd  SEE-d1, 
PPMonstr — SEE-d2. ,  PPMonstr -

,

-
.
PPMII , -

 RAR  3.
 H .

PPMd  –o8,  PPMonstr —  –o1, 
 8  64 .
 20  (  –m20) -

, , -
.

PPMY

PPMY , -
 (Shelwien). 

, -
.

-
N  –1. N -

.
,

, -
. -

, (–1) -
 256 ;
 1. 

, (o) :
• ;

f(esc|o); -
,
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(o), -
 PPM;

• , -
(o)

;
Opt(o).

, -
o, -

wo. wo -
:

,)1(

,
)(

))((

,
)(

)|()),(min(

)()()()()(

)(

)(

)(

)(

opt

o

esc

o

EoptE

o

opt

opt

opt

o

esc

o

WWwWww

ofw

oOptw
W

of

oescfETof
W

⋅⋅−+⋅=
+

+=

−=

f(o) — 
(o);

ET, w(opt), w(E) — .
)(esc

o
W )(opt

o
W -

:
• )(esc

o
W  — ,

(o), ,  PPM, -
, ;

• )(opt

o
W  — , (o)

-
.

ET, w(opt), w(E),
,

, -
. (o)

,
 (o, N).
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,  PPMY 3b  120 -
. ,

-
.

. 4.8 
CalgCC  PPMY  3b.  /o64.

CALGARY COM-
PRESSION CORPUS

-
 CalgCC,  «

». -
 Dummy, 

 PPM.
-

, ,  T -
 T .

.  T  T
 CalgCC 

PPMd. , ,
 700 / -

 Pentium III 733 .
 4.8

Dummy CM HA PPMY RKUC PPMN PPMd PPMonstr
Bib 2.31 3.01 4.12 4.55 4.55 4.57 4.62 4.76

book1 2.22 2.99 3.27 3.72 3.62 3.64 3.65 3.74

book2 2.12 3.19 3.74 4.35 4.30 4.31 4.35 4.49

Geo 1.68 1.74 1.72 1.74 2.12 1.96 1.84 1.92

News 1.92 2.52 3.05 3.60 3.57 3.58 3.62 3.74

obj1 1.76 1.69 2.19 2.09 2.25 2.32 2.26 2.29

obj2 1.94 2.32 3.07 3.46 3.79 3.65 3.62 3.79

Paper1 2.08 2.37 3.39 3.59 3.51 3.59 3.65 3.74

Paper2 2.20 2.61 3.43 3.67 3.57 3.62 3.67 3.77

Pic 9.41 9.30 10.00 10.26 10.67 11.01 10.53 11.43

Progc 2.06 2.27 3.36 3.51 3.45 3.54 3.60 3.70

Progl 2.40 3.07 4.68 5.30 5.37 5.26 5.44 5.76
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Dummy CM HA PPMY RKUC PPMN PPMd PPMonstr
Progp 2.36 2.99 4.71 5.33 5.30 5.19 5.26 5.76

Trans 2.28 2.96 5.23 6.35 6.40 6.17 6.35 6.84

2.62 3.07 4.00 4.39 4.46 4.46 4.46 4.70

T 0.5 2.4 3.0 14.6 6.5 1.9 1.0 2.3

T 0.6 0.8 3.1 15.6 6.7 2.0 1.0 2.4

, -
,

. :
• BOA,  (Sutton);
• ARHANGEL,  (Lyapko);
• LGHA,  HA -

, ;
• UHARC,  (Herklotz);
• X1,  (Valentini);

 PPMZ,  (Bloom).

LOEMA

, -
 1982  (Roberts) [2]. 
 Local Order Estimation Markov Analysis

( -
).  LOEMA 

, -
,

.  LOEMA
, . ., , -

, , ,
, , , -

, . -
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,  LOEMA 
 PPMC ( . . 4.9) 

, .
, LOEMA ,

, . . -
.

DAFC

 Double-Adaptive File Compression ( -
),  (Langdon) 

 (Rissanen)  1983 ,
 [2]. - , ,

 LOEMA, 
-

,
 ( . . ) . - , -

-
-

 1980- . - , DAFC -
,

.
 DAFC 

n . -
(0), -

.
(1)

n , m .

n = 31 m = 50. , -
C (1), -

, -
,  A, 

(0).
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 DAFC 
(RLE),  « »

.

:  DAFC -
 Dummy.  RLE, 

 Dummy, 
 DAFC?

,
 DAFC  Dummy -

 CalgCC ( . . 4.8.  4.9).

ADSM

 Adaptive Dependency Source Model ( -
)

(Abrahamson) 
 [2]. -
 1 ,

-
, . -

. (1)
.

,
 1,  — 

.  (

),
. -

. , -
-

, -
.

“ _ ”, -
.
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 “ ”  ‘ ’,
,  ‘ ’, -

fr(1)  1. fr(1) -
fr(1)++. , ‘ ’, -

 “ ”. (1)  3 -
 — ‘ ’, ’ ’, ’ ’. ,

-
,  ‘ ’ fr(3) -

 3. fr(3)++
 (‘ ’).

(1) ,
. . , -

, - .
 ADSM -

 [9]. -
, ,

, ADSM ,
, -

. , -
,  ADSM -

 BMF, 
.

: ,
fr(1) fr(3), -

 ‘ ’  ‘ ’ .

DHPC

 Dynamic-History Predictive Compression (
),

 (Williams),  DAFC -
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. -
(o)

(o+1) .
 ( ) C -

- a C , -
 DAFC , -

.  DAFC -

 ‘ ’ ,
DHPC — -

C, . .  « »
 « ».

 DHPC -
,

.
 DHPC 

,  DAFC, 
 PPM (PPMC  PPMD).

PPMA PPMB

 PPMA  PPMB 
 PPM [5]. -

 PPM 
 « » PPM.

 PPMA  PPMB  A  B -
.

. -
,  ( -

 32- ).

WORD

 WORD  (Moffat) 
1980- ,

.
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,
 ( ) .

 « »  « - ». -
 « », -  — « -

».  1  0 ,
,  — , -

- - . -
(1) ,

(0); , . . -
, -

. ,
,

.
. - -

. ,  WORD -
 12 :

( - ), ,
( - ),  ( - ).

 ( - )  20 .
 DHPC, 

,
.

. 4.9 
 CalgCC , -

.
, , , -

 —  «o-N» ,
N.  « »

CalgCC.
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 cPPMII -
 SEE-d2. 

.
 4.9

ADSM DAFC WORD PPMC
o-3

PPMC
o-5

 PPM* PPMD
o-5

cPPMII
o-64

Bib 2.07 2.08 3.65 3.79 4.17 4.19 4.26 4.76

Book1 2.11 2.17 2.96 3.23 3.42 3.33 3.48 3.74

Book2 2.03 2.04 3.19 3.54 4.00 3.96 4.06 4.49

Geo 1.46 1.72 1.58 1.67 1.69 1.66 1.70 1.92

News 1.84 1.84 2.60 3.02 3.33 3.31 3.39 3.74

Obj1 1.60 1.55 1.78 2.13 2.14 2.00 2.14 2.29

Obj2 1.81 1.39 1.84 2.97 3.27 3.29 3.31 3.79

Paper1 1.96 1.90 3.10 3.23 3.38 3.38 3.42 3.74

Paper2 2.08 2.08 3.35 3.27 3.39 3.39 3.46 3.77

Pic 7.77 8.89 8.99 7.34 9.76 9.41 9.88 11.43

Progc 1.90 1.81 2.95 3.21 3.32 3.33 3.36 3.70

Progl 2.18 2.22 4.21 4.21 4.62 4.79 4.73 5.76

Progp 2.14 2.08 4.17 4.35 4.57 4.94 4.65 5.76

Trans 2.06 1.95 4.19 4.52 5.19 5.52 5.33 6.84

2.36 2.41 3.47 3.61 4.02 4.04 4.08 4.70

, -
, -

,
. -

,
, -

, , , -
, .

-
 Context Tree Weighting (« -

»),  CTW, 
 [16].
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 CTW -
- , . . -

.

,
.

-
. -

:
• ;

 « » (Dy-
namic Markov Compression,  DMC) [4, 7];

• ;  — SE-
QUITUR [11];

• -
 [14].

-
.

8

1.
.

2. -
 PPM- ?

3. -
-

?
4. -

?
5. , -

, -

8
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,  PPM-
 1.

6.
?

7. , -
-

?
8. -

?
9. -

-
,

?
10.

?
11.

,  PPM-
?

12. , -
 PPM- .

1. .  PPM //
, 34(3), .44-54, 2001.

2. Bell T.C., Witten I.H., Cleary, J.G. Modeling for text
compression // ACM Computer Surveys, 24(4), pp.555-591,
1989.

3. Bloom C. Solving the problems of context modeling // California
Institute of Technology, 1996.

4. Bunton S. On-Line Stochastic Processes in Data Compression //
PhD thesis, University of Washington, 1996.
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5. Cleary J.G., Witten I.H. Data compression using adaptive coding
and partial string matching // IEEE Transactions on
Communications, Vol. 32(4), pp.396-402, April 1984.

6. Cleary J.G., Teahan W.J. Unbounded length contexts for PPM //
The Computer Journal, 40 (2/3), pp. 67-75. 1997.
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